Regional lung function has been studied in 16 children with intracardiac shunts and a variety of associated cardiac anomalies using radioactive nitrogen (13N) and a gamma camera-computer system. The distribution and washout of inhaled 13N were usually normal. The distribution of intravenously injected 13N was often abnormal and could be related to local anatomy. The most importantfinding was delayed clearance by ventilation ofintravenously injected 13Nin children with an abnomally raisedpulmonary/systemic vascular resistance ratio (Rp/Rs) at cardiac catheterisation. The regional localisation of this ventilation-perfusion imbalance could be related in several children to the probable distribution of hypertensive pulmonary vascular disease, predicted either from local anatomy shown at cardiac catheterisation or from the abnormal distribution of pulmonary perfusion. Abnormalities present on breathing air may be partially reversed on breathing 100 per cent oxygen.
Hypertensive pulmonary vascular disease in children with congenital cardiac defects greatly influences operative risks (Cartmill et al., 1966; Espino-Vela et al., 1968) , postoperative course (Park et al., 1969) , and long-term haemodynamic results (Braunwald et al., 1962; Maron et al., 1973; Allen et al 1974; Whitman and Ellis, 1975) . Hypertensive pulmonary vascular disease is generally considered to be present when the pulmonary vascular resistance or the pulmonary: systemic resistance ratio (Rp/Rs) calculated at cardiac catheterisation is abnormally raised (Braunwald et al., 1962; Kirklin, 1965; Allen et al., 1974) .
We have recently developed a free breathing technique for studying regional lung function in children of all ages using radioactive nitrogen (13N) and a gamma camera Ronchetti et al., 1975) and have found a consistent pattern of abnormality in children with hypertensive pulmonary vascular disease. We present our observations on this phenomenon which could provide a simpler method for the detection and evaluation of pulmonary vascular disease.
Received for publication 25 November 1976 Subjects and methods Sixteen children aged 7 months to 12 years were studied. Each had been referred for investigation of congenital heart disease and had undergone cardiac catheterisation. The anatomical diagnoses and cardiac catheterisation results are shown in Table 1 . The pulmonary: systemic resistance ratio (Rp/Rs) was calculated by the standard technique (Grossman, 1974 ) using the pulmonary arteriolar resistance in the numerator. Pulmonary and systemic flows were derived by the Fick principle. Taking the upper normal limit for Rp/Rs as 025 (Kirklin 1965) , cases 1 to 4 were considered not to have hypertensive pulmonary vascular disease. Most of the remaining patients had a raised Rp/Rs ratio indicative of hypertensive pulmonary vascular disease. Cases 15 and 16 had complex anatomy with a large systemic-pulmonary anastomosis supplying only part of the pulmonary vascular bed, precluding calculation of Rp/Rs, while case 7 had multiple peripheral pulmonary stenoses with a normal mean pulmonary arterial pressure distal to the stenosis in the right lower lobe. In cases 10 and 11, Rp/Rs fell after inhalation of 100 per cent oxygen.
Regional lung function studies were performed as previously described . This assumption is not always valid in children with cardiac disease since an enlarged heart may distort pulmonary anatomy. However, it is possible to derive an improved regional 'volumecorrected' perfusion distribution index in children with uniform regional ventilation. Since ventilation is then directly proportional to lung volume, the perfusion distribution index for each zone of the lung is the distribution index for that zone in the perfusion study, divided by the equivalent distribution index in the ventilation study. It is necessary for this index that the areas on the oscilloscope image for both studies should be identical.
For a better analysis of the washout curves independent of assumption about lung volumes, a transfer function (H/A) has been calculated by dividing the peak height (H) of the curve by the area (A) under the washout portion . In the inhalation study, H/A represents ventilation per unit lung volume (fractional ventilation) but in the study with injected 13N it is a complex function of ventilation, perfusion, and lung volume (Winlove et al., 1976) . The washout curves from both studies would be identical if alveolar ventilation (V) and perfusion (()) were evenly matched. Any difference between the curves is, therefore, an index of ventilation/perfusion (V/4) imbalance resulting from reduced V/( ratios (Fig 1) . A normal range of H/A values has been obtained from studies of 20 normal lung zones in 10 children with localised lung disease (Winlove et al., 1976) . For ventilation, the mean H/A is 3-65 with a range (±2 SD on a logarithmic scale) 2-23-608 and for perfusion it is 2 82 with a similar range 2-08-4 39. We have, therefore, taken 2-0 as the lower normal limit for H/A in both studies. greatest perfusion. Two patients had unusual anatomy and their abnormalities were restricted to areas either where there was no protective pulmonary stenosis (case 7) or where there was a large systemic-pulmonary shunt (case 15). In case 6 there was overall improvement in the washout curves after injection while breathing 100 per cent oxygen but washout in the left lower zone was still abnormally slow. 
Discussion
There appears to be a consistent pattern of abnormality in 13N washout after intravenous injection in children with hypertensive pulmonary vascular disease. All The delay in clearance of 13N in the injection study indicates that a proportion of the gas is entering perfused but extremely poorly ventilated alveoli. Such a V/4 imbalance should produce systemic arterial desaturation, and this has been noted previously in patients with primary pulmonary hypertension (Wood, 1952) . Several authors have investigated the causes of the increased alveolar-arterial oxygen gradient ((A-a) DO2) in both children (Lees et al. (1967) and adults (Woolf, 1963; Wessel et al., 1964) with intracardiac shunts or primary pulmonary hypertension. Studies in dogs with pulmonary hypertension caused either by surgically produced systemic-pulmonary anastomosis (Ellison et al., 1961) or the heart-worm Dirofilaria immitis (Kentera et al., 1965) have confirned an increased (A-a) DO2 whose severity is related to the pulmonary artery pressure. Several of these authors (Ellison et al., 1961; Kentera et al., 1965; Lees et al., 1967) (Ellison et al., 1961; Kentera et al., 1965; Lees et al., 1967) .
The physiological mechanisms underlying these observations remain a mystery so far but one tentative explanation might be a 'closing volume' type of effect whereby a substantial proportion of small airways are occluded for part of the respiratory cycle. This is known to occur, for example, when there is loss of elastic recoil as in emphysema. The alveoli supplied by such airways would receive intravenous 3N but not inhaled 13N and would cause the difference in the shape of the respective washout curves. The pathological mechanism responsible for such a phenomenon, or indeed for any other mechanism causing our observed V/(2 imbalance, is unknown. We know of no histological evidence for small airway obstruction and it is unlikely to be caused by oederna as this is not a feature of chronic pulmonary hypertension (Damman and Ferencz, 1956 ). Gradual improvement of (A-a) DO2 in association with gradual reduction in pulmonary artery pressure has been shown in one dog after ligation of a systemic-pulmonary anastomosis (Ellison et al., 1961) . We have shown some acute improvement in 13N washout after injection in cases 6 and 10 while breathing 100 per cent oxygen. In case 10, Rp/Rs was also reduced at cardiac catheterisation in response to 100 per cent oxygen but the implications of this and of other current attempts to determine closing volumes are as yet uncertain. It appears, therefore, that the V/( imbalance in this study can be associated with reversible pulmonary vascular disease.
Regional lung function studies using 13N are easy to perform on children of all ages. The radiation dose (200-400 m.rads) is only a fraction of that received at cardiac catheterisation. There is, furthermore,the advantage over catheterisation that regional information is obtained which may be of value in detecting localised early hypertensive pulmonary vascular disease. Unfortunately, because of the short half-life of the isotope, studies must be performed in the close vicinity of a cyclotron. We are currently exploring the use of the more widely available isotope "33Xe which has a much longer half-life but is more soluble than 13N. It is probable that it will be possible to use "33Xe but care will be needed to ensure that only a small dose is used if delayed clearance is anticipated because of this long half-life and slow biological clearance. The sensitivity and specificity of the technique are as yet uncertain but our preliminary results are encouraging. These studies may be particularly valuable for repeated assessment of children with complicated cardiac defects in whom early hypertensive pulmonary vascular disease is a common complication, in order to determine the optimum time for corrective surgery.
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